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Abstract 
Reference solar irradiance is  the most 
influential parameters for accuracy of PV 
systems monitoring. Due to new cells 
technologies a magnitude of spectral 
effects is widely discussed nowadays. No 
comprehensive measurements are taken 
to resolve this debate. This paper discuss 
utilization of the spectral measurements in 
a PV system monitoring. Analysed data 
come from dedicated monitoring systems 
and include broadband and spectral 
irradiance, module short circuit current, 
module temperature, ambient temperature  
humidity and wind-speed. It has been 
shown what are the variations in the solar 
spectrum over the different types of 
overcast and how does the different 
module technologies react on those 
changes. Investigating distribution of the 
solar spectral irradiance is a complex task. 
Conclusions discuss usability of the 
spectroradiometers as the reference 
sensors and problems that still stays 
unsolved in the field of spectroradiometry. 
Introduction 
Precise measurements of solar irradiance 
should not only include quantitative 
measurements (i.e. broadband irradiance), 
but also qualitative characterization, which 
in this paper is taken as spectral 
characterisation. Broadband measure-
ments are by far the most commonly 
applied technique and can be undertaken 
by the use of pyranometers or calibrated 
reference cells. Broadband measurements 
give integrated irradiance over a specified 
bandwidth. Existing numerical modes 
allow recovering spectral irradiance from 
the broadband measurements. However, 
accuracy of the predicted spectral 
irradiance is biased by stochastic 
parameters like cloudiness, humidity, air 
pressure, reflected irradiance, pollutions 
that cannot be taken into account. To 
introduce precise spectral characterization 
of the irradiance, spectroradiometric  
measurements are a must. Spectral 
irradiance describes not only the 
integrated energy of the sunlight but also 
its distribution by wavelength. The 
response of PV modules is strongly 
dependent on the incident wavelength. 
Their spectral sensitivity depends primarily 
on the material properties and to some 
extend production technology. Spectral 
effects today can be observed at their 
most noticeable for thin-film a-Si modules. 
Knowing the accurate intensity and 
spectral distribution of the sunlight may 
significantly increase the accuracy of the 
energy yield predictions of different types 
of PV. Nevertheless, spectral irradiance 
measurements are usually omitted in PV 
monitoring systems. This is due to the high 
cost of spectroradiometers. Furthermore, 
the large amount of data that must be 
stored and processed is often seen as 
cumbersome and unnecessary. Newly 
introduced device technologies increase 
differentiation in modules spectral 
response, making it more important to 
change. The magnitude of spectral effects 
today is widely discussed but no 
comprehensive measurements are taken 
to resolve this debate. This requires 
measurements of reference modules, 
broadband irradiance and incident 
spectrum in a number of climatic zones to 
resolve the influence of various 
environmental effects. This paper presents 
a multi-site measurement system to 
resolve the issue of spectral effects. The 
first of the sites has operated for more 
than six months and an analysis of the 
magnitude of spectral effects from summer 
equinox to winter equinox is presented.  
Experimental Setup 
To investigate the influence of spectral 
effects on different modules technologies 
four dedicated DC and meteorological 
monitoring systems were, or are in the 
process to be installed worldwide in 
different climatic zones. The 
measurements for analysing spectral 
effects are taken as part of the larger PV-
Initiator programme of IKEA, which is 
reported upon elsewhere. The installations 
are at Gent (Belgium), Rostock 
(Germany), Seville (Spain) and Brooklyn 
(USA). The sites are either being fully 
operational (Gent & Rostock) or in the final 
stages before commissioning (Seville & 
Brooklyn). Each site has a comprehensive 
meteorological station. The photovoltaic 
systems are installed at 40
o
 inclination and 
are south facing. These are equipped with 
in-plane spectroradiometer, in-plane and 
horizontal pyranometers, five different 
technology ( amorphous Silicon a-Si, 
micromorph Silicon, -Si, monocrystalline 
Silicon, m-Si, polycrystalline Silicon, p-Si 
and Copper-Indium-Gallium-Diselenide, 
CIS) reference modules with temperature 
sensors attached. Furthermore, ambient 
temperature and humidity, wind speed and 
wind direction are monitored. Figure 1 
shows the irradiance reference system 
installed in Gent and Figure 2 focuses on 
the irradiance sensors (pyranometers and 
spectroradiometer) installed at Gent. 
 
Figure 1. Gent reference system. 
 
Figure 2. Gent irradiance sensors. 
 
In addition, fifth reference system was 
installed at Loughborough. Horizontal and 
on-tracker spectroradiometers were added 
at this location to allow a further scientific 
modelling of spectral irradiances.  
Data Analysis 
Aim of this research is to understand how 
the spectral effects can affect energy yield 
of the different modules technology and 
how to measure and analyze irradiance to 
achieve accurate references for PV 
system monitoring. Influences of spectral 
effects on PV modules are mainly related 
to different spectral response (SR) of the 
cells material. Spectral effects can be 
observed at their most extreme for thin-
film a-Si modules. Figure3 shows standard 
AM 1.5 solar spectrum and compares this 
to typical spectral responses of the a-Si 
and c-Si cells. It clearly indicates that the 
relatively narrow response of the a-Si will 
be affected much more by any changes in 
the incident solar spectrum. 
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Figure 3. Spectral response of a-Si and c-
Si module in relation to AM 1.5 spectrum 
 
The photovoltaic material will result in 
different parts of the spectrum being 
utilised by different spectrums. The ratio of 
this useful part over the entire spectral 
range is called the useful fraction. Different 
materials will have different useful 
fractions, UF . The UF is the part of the 
spectrum can contribute in photocurrent 
generation. In this paper, it is taken as the 
ratio of the product of module spectral 
response and spectral irradiance to total 
irradiance. 
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Useful fraction changes its value 
depending on actual distribution of the 
spectral irradiance. Such a difference can 
happen due to variations in environmental 
conditions. Short circuit current of the 
reference a-Si and c-Si modules should be 
correlated with the amount of sunlight 
energy calculated by integration of 
measured spectral irradiance scaled by 
useful factor of used device. 
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Weaker correlation should be observed 
between broadband irradiance and short 
circuit current (especially under specific 
conditions that have strong influence on 
the spectral irradiance distribution as air-
mass, direct and diffuse irradiance share, 
cloudiness).  
Results and Discussion 
All of the following analysis is based on 
measurements taken from Gent from 
between 05/06/2009 to 01/09/2009. To 
investigate influences of the different types 
of overcast data for cloudy, partially cloudy 
and sunny days were selected. To avoid 
influences of the air mass and angle of 
incidence selection was limited to 
measurements taken between 11:00am 
and 2:00pm. For those sets, normalised 
mean spectral distributions were 
calculated. Results were presented in 
Figure 4. 
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Figure 4 Spectral irradiance distributions 
under the different conditions. 
 
Comparison of the normalised spectral 
irradiance distributions has shown that 
under cloudy conditions higher fraction of 
the spectrum lays in a shorter range of the 
wavelength than in the sunny conditions. 
In reality, the increase of short-wavelength 
contribution is due to more significant 
absorption of longer wavelengths during 
the path of the atmosphere. Under cloudy 
conditions, a-Si modules should have 
higher spectral performance factor than 
under sunny conditions and c-Si should 
behave in the opposite way. Figure 5 
shows useful fraction of the spectrum for 
the a-Si module and c-Si module. Figure 6 
shows calculated UF index under different 
weather conditions. As it can be seen in 
graph 6, the useful fraction varies with the 
degree of overcastness. For a-Si module, 
it is the highest for cloudy weather (0.51) 
and is about 5% lower for sunny weather. 
c-Si module has the lowest useful fraction 
(0.60) in cloudy conditions and then 
increases about 6% in the sunny 
conditions. Further analysis on the 
behaviour of the short circuit currents with 
spectral irradiance was carried out. In 
order to avoid the influence of clouds,  
sets of clear days were selected. 
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Figure 6. Useful fraction under different 
overcast conditions. 
Measured Isc data were compared with 
broadband in-plane irradiance. The air 
mass varies in the same way for module 
as for broadband pyranometers, thus 
demonstrating the spectral effects. As 
pyranometers have a spherical integrating 
dome its angle response will cause higher 
measured values for lower angles, i.e. 
they will not suffer from reflection losses. 
This is shown in the Figure 7. 
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Figure 7. Specific short circuit current to 
broadband in-plane irradiance ratio as the 
function of broadband in-plane irradiance. 
 
For the low irradiance (10-50W/m
2
) a-Si 
ratio of a specific short circuit current and 
broadband in-plane irradiance reached 
values up to 1.3. This occurs due fact that 
the sun is behind the plane (large shift to 
diffused irradiances). 
For the intermediate values of the in-plane 
irradiance (50-500W/m
2
), the c-Si module 
has a higher response than the a-Si 
device. This is due to its maximum 
spectral response being matched to this 
range. For high irradiance levels, a-Si 
increases its response (>500W/m
2
) due to 
increase of the shorter wavelength share 
in spectrum which happens under clear 
sky conditions. It can be observed more 
accurately in a Figure 8, which presents 
useful fraction of the spectrum as a 
function of spectrally available irradiance 
for the specific module. It must be noticed 
that the values of the module specific 
available energy (Figure8)  does not refer 
to the broadband irradiance values. Figure 
8 shows that the useful fraction varies over 
the daytime in function of irradiance . 
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Figure 8. Useful fraction of the spectrum 
as a function of spectrally available 
irradiance for the specific module. 
 
Conclusions 
Investigating distribution of the solar 
spectral irradiance is a complex task. 
Changes of the spectrum can be caused 
by different factors even within the same 
wavelength range. Spectral variations 
need to be considered in the analysis of 
the reference irradiance for the PV 
systems. It has been shown that using a 
sensor with a different spectral and angle 
response will introduce significant 
inaccuracy in measured irradiance.  
Spectroradiometers can bring a universal, 
quantitative and qualitative solution for 
more detailed reference irradiance 
estimation. However, at present they 
suffer from inaccurate absolute calibration 
and non-standardised measuring 
procedures.  
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